Abstract -In this study the total atomic cross-section (σ a ), total electronic cross-section (σ e ), effective atomic number (Z eff ) and effective electron density (N eff ) of locally developed ilmenite-magnetite (I-M) concrete were calculated analytically for different photon energies from 1 keV to 20 MeV and compared with concretes of different densities and compositions. The effect of Z eff on the mass attenuation coefficient (μ/ρ, σ a , σ e ) is shown graphically. The values of σ a , σ e , Z eff and N eff of I-M concrete were found to be higher than those of the ordinary concretes and in some cases than those of heavy concretes, which proved I-M concrete's shielding effectiveness. The results of this study will provide some useful information for a shielding material database for practical shielding calculation.
Introduction
To enable personnel to work in the vicinity of a nuclear installation, it is necessary to attenuate the radiation in a biological shield surrounding the radiation sources, so as to reduce the radiation dose to a tolerable level in the region beyond the shield. This is usually achieved by surrounding the radiation source with a sufficiently large mass of high-density material. Concrete is inexpensive and has structural strength as well as good shielding characteristics. In view of these advantages, concrete has been widely used as a shielding material. The most commonly used types of concretes are those based on barite, serpentine, steel magnetite, ordinary concrete, etc. The heavy concretes have proved themselves to be the most suitable materials for the attenuation of gamma radiation. At the beach sand processing plant in Cox's Bazar, in Bangladesh, ilmenite and magnetite sand are obtained in huge quantity as tailings. Investigation showed that these materials have great potential in the development of high-density concrete to be used as a shield. The ilmenite-magnetite (I-M) concrete is a heavy concrete produced locally with sand, stone chips and cement in the ratio 100:100:36 by volume, respectively. It has been used as the shield of the 3MW (Thermal) TRIGA Mark II Research Reactor at the Atomic Energy Research Establishment in Bangladesh. The gradation and composition of its aggregates are shown in Table 1 and the elemental composition  is shown in Table 2 . The knowledge of parameters such as the total atomic cross-section (σ a ), total electronic cross-section (σ e ), effective atomic number (Z eff ) and effective electronic Correspondence: fazlul.huq@du.ac.bd density (N eff ) plays an important role in understanding the physical properties of any concrete. Scattering and absorption of X-ray and gamma radiation are related to the density and atomic number of an element. In composite materials, they are related to the effective atomic number and effective electron density. Many experimental and theoretical studies have been performed on the total atomic cross-section, total electronic crosssection, effective atomic number and effective electronic density of different materials for different photon energies such as Au alloys (Han and Demir, 2010) , Ti and Ni alloys (Han and Demir, 2009) , carbon steel and stainless steels (Singh and Badiger, 2013) , steel types 304 and 347 (Al-Jaff, 2013), polymers (Kucuk et al., 2013) , alkali halides (Madhusudhan Rao et al., 2013) , solid-state track detectors (Medhat, 2011) , concrete materials (Yılmaz et al., 2011; El-Khayatt and Akkurt, 2013) , etc. There have been some experimental and theoretical investigations to determine the neutron-shielding properties of I-M (Bhuiyan et al., 1991; Ahmed et al., 1992 Ahmed et al., , 1999 . There are almost no reports on the study of σ a , σ e , Z eff and N eff of this locally developed concrete for different photon energies. This prompted us to carry out this work. The objective of this study is to generate a database for σ a , σ e , Z eff and N eff of this locally developed concrete, which will be helpful for practical shielding calculation.
Theoretical background and calculation

Total atomic cross-section (σ a ) and electronic cross-section (σ e )
The atomic attenuation coefficient (σ a ) is the fraction of an incident gamma-ray beam that is attenuated by a single atom. Another way of saying the same thing is that the atomic attenuation coefficient is the probability that an absorber atom will interact with one of the photons in the beam. Note that the dimensions of σ a are cm 2 , the units of area. For this reason, the atomic attenuation coefficient is almost always referred to as the cross-section of the absorber. The unit in which the crosssection is specified is the barn, b.
The electronic attenuation coefficient is the fraction of an incident gamma-ray beam that is attenuated by a single electron. The electronic attenuation coefficient is also called the electronic cross-section and is symbolized by σ e . The total atomic cross-section σ a and the total electronic cross-section σ e can be obtained by the following formulas:
where f i is the fractional abundance of element i in the mixture; Z i, A i are the atomic number and atomic mass, respectively, (
is the total mass attenuation coefficient of the ith element in the mixture and N A is Avogadro's number.
The effective atomic number (Z eff ) and effective electron density (N eff )
The effective atomic number of a material is the atomic number of a hypothetical element that attenuates photons at the same rate as the material. In composite material, a single number cannot represent the atomic number uniquely across the entire energy range, as the partial interaction cross-sections have different atomic number dependence. The effective atomic numbers of the concrete samples were obtained by means of the practical formula (El-Khayatt and Akkurt, 2013)
The effective electron density, expressed in number of electrons per unit mass, is closely related to the effective atomic number and given by
Half-value layer (HVL)
The half-value layer (HVL) is defined as the thickness of a shield or an absorber that reduces the radiation level by a factor of 2; that is, to half the initial level. (The HVL is also called a half-value thickness.) In this study, the HVL was calculated in units of (atom/cm 2 ) using the atomic cross-section σ a by the following equation:
The mass attenuation coefficients for the elements at different photon energies were taken from Hubbell and Seltzer (1995) . 
Results and discussions
Total atomic cross-section
The variation of the total atomic cross-section σ a (barn/atom) of I-M concrete with photon energy is shown in Figure 1 and compared with concretes of different densities and compositions. In the low-energy range from a few keV to about 100 keV, the σ a (barn/atom) for I-M concrete is higher than that of the ordinary concretes and serpentine. This is due to the higher values of mass attenuation coefficients of the elements of I-M concrete, which can be explained by the dominance of the photoelectric effect in this energy range. Since the photoelectric effect strongly depends on the atomic number of the element we can say that materials containing elements of higher atomic number will have a higher atomic cross-section. This is exactly what we can see from Figure 1 . When the photon energy is exactly equal to the binding energy of the innermost K or L shell electron in the elements, σ a (barn/atom) shows a peak in the curve known as the photoelectric edge. The sharp decrease in σ a (barn/atom) is due to the energy dependence of the photoelectric effect.
In the intermediate energy region where Compton scattering is dominant, there is a smooth fall in the curve because this interaction depends inversely on photon energy. The σ a (barn/atom) of I-M concrete is also found to be higher than that of the other concretes except barite, which contains 46.34% barium. Although serpentine has a higher effective electron density than I-M concrete, the elements of higher atomic masses in I-M concrete compensated for the effect of its lower electron density in this energy range. In the higherenergy region greater than 10 MeV, the probability of pair production increases with photon energy, which is shown by the smooth rise in the curve at the end. Also, in this region σ a (barn/atom) of I-M concrete is higher than that of the serpentine and ordinary concretes. This can also be explained by the elements of higher atomic number in I-M concrete.
Total electronic cross-section (σ e )
The total electronic cross-section σ e (barn/electron) of any material at a particular energy depends mainly on the mass attenuation coefficient of the elements in the material at that particular energy.The ratio of atomic mass to atomic number does not have any significant effect on the electronic crosssection since it is nearly constant for all the elements in the periodic table except for the higher atomic number elements. However, the higher atomic number elements are favored by photoelectric absorption and pair production. The variation of σ e (barn/electron) of different concretes with photon energy is shown in Figure 2 . It is seen from the figure that σ e (barn/electron) of I-M concrete is much higher than that of the ordinary concretes and serpentine in the low-energy region of up to 0.1 MeV where photoelectric absorption dominates the interaction process. This is because of the higher (μ/ρ) of the elements of I-M concrete. It is also seen from the figure that photoelectric absorption dominates over a greater energy range in the higher effective atomic number material than in the lower one. Peaks in the curve and the sharp decrease in σ e (barn/electron) are also the consequences of photoelectric absorption. In the energy range from 0.5 MeV to 3 MeV, Compton scattering is dominant in all the materials and σ e (barn/electron) is nearly the same for all materials irrespective of their effective atomic number. Moreover, the ratio A/Z is nearly constant for all the elements. Therefore, σ e is the same for all materials at a particular energy. As energy increases beyond this region pair production starts to dominate, whose probability increases with both the photon energy and the effective atomic number of the material. Therefore, σ e of the I-M concrete is higher than that of the other concretes except barite, which has the highest effective atomic number.
Effective atomic number (Z eff ) and effective electron density (N eff )
The effective atomic number of the I-M concrete at different photon energies is compared with other types of concretes in Figure 3 . It is clear from the figure that I-M concrete has higher Z eff values than the ordinary concretes and serpentine due to its higher atomic number elements. Barite, which contains nearly fifty percent barium, has the highest value of effective atomic number. The minimum Z eff values were found in the intermediate region, where Compton scattering is dominant, which is independent of atomic number and approximately equal to the mean atomic number of the samples. The maximum value of Z eff was found in the low-energy range, where photoelectric absorption is dominant. Figure 4 presents the variations of effective electron density (N eff ) of different concretes at photon energies from 1 keV to 20 MeV. Peaks in the curves indicate the photoelectric edge. Since incident photons interact with individual electrons, therefore higher N eff means higher attenuation of photons. The effective electron density of I-M concrete is higher than that of the ordinary concretes and serpentine in the energy range where photoelectric absorption and pair production are dominant. In the intermediate energy region where Compton scattering is dominant, serpentine is slightly better than I-M concrete for its higher effective electron density. Figure 5 shows the variation of the total mass attenuation coefficient (μ/ρ) with Z eff at low photon energies where photoelectric absorption is dominant. It is clear from Figure 5 that the μ/ρ at these energies strongly depends on Z eff and increases with Z eff . Figures 6 and 7 depict the dependence of the total electronic cross-section (σ e ) and total atomic cross-section (σ a ) on Z eff , respectively. The variations observed were similar to those the case of μ/ρ. Therefore, the concretes with higher Z eff will have higher σ a and σ e at these low energies where photoelectric absorption is dominant. Also, the higher the σ a and σ e , the better the shielding will be. 
Conclusions
The atomic cross-section, electronic cross-section, effective atomic number and effective electron density calculated in this study reflect the good quality of I-M concrete as far as its shielding properties are concerned. The effective electron density (N eff ) and effective atomic number (Z eff ) are closely related and they have the same qualitative energy dependence. The mass attenuation coefficient (μ/ρ) of the element is a useful and sensitive physical quantity to determine the (Z eff ) and (N eff ) of a concrete. The results of this study will provide a database for these parameters for this locally developed concrete as well as for other types of concretes, which will facilitate the shielding design problem. It can be concluded that I-M concrete is superior to ordinary concretes in the whole energy range and better than serpentine in the region where the photoelectric effect and pair production are dominant. Since raw materials are locally available, I-M concrete will be an excellent, cost-effective and less space-consuming shielding material against gamma rays. It can be used as a shield for reactors, accelerators, X-ray installation and other hot laboratories, as well as commercial gamma-ray irradiation facilities.
